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SIMULATION OF OVERHEAD CRANE DYNAMICS
SUBJECTED TO FRAMEWORK ELASTICITY

The paper presents an overhead crane dynamics analysis while taking into account its framework elasticity. The
elasticity distribution along the framework length being dependent upon trolley position introduces sufficient
nonlinearities into the plant model that largely vary the natural vibration frequencies. It is shown that dynamical
behavior of an overhead crane can be approximated using a three-mass system, parameters of which are manually or
automatically adjusted so that its step response coincides with the distributed parameter model.

Keywords: overhead crane, framework vibrations, Comsol Multiphysics, finite-element method, multimass
system, parameter estimation, Simulink.

The payload transportation via different kinds of cranes defines additional specifications for control algorithms.
During the transportation the payload sway is induced thus slowing down the entire production process, since the
payload has to be brought to rest before it may be lowered. For this problem there are already a set of possible solutions
[1, 2] that include optimal and suboptimal trajectory planning, active anti-sway control using the swing angle tracking
or estimation etc.

However, as the dimensionality of the crane framework increases it can no longer be treated as rigid, since elastic
displacements may be of significant value, which induces undesirable additional mechanical loads leading to reducing
the crane lifespan due to possible occurrence of metal fatigue. Since current computational capacities may be
implemented as compact device and considering the advancements in measuring technology these vibrations can and
should be suppressed, which requires an accurate mathematical model. Most of published works consider framework
elasticity either subject to loads due to gravity or as a static analysis. Therefore the presented investigation is considered
to be state of the art.

The aim of this paper is to develop a mathematical model to represent elastic overhead crane dynamics.

Since the crane framework cannot be treated as rigid object an analysis of its dynamic behavior has to be carried out
taking into account its elastic properties. In such a case it is said to be a distributed parameter system. A typical
approach to analyze its dynamics is its partition into a set of smaller elastically coupled objects also known as finite
elements. The smaller are the element dimensions the higher is the computational accuracy. Thus having partitioned the
investigated system into a sufficient number of objects a required precision may be achieved.

Manually building a mathematical model for such a system is very complicated since each of the elements has to be
treated as a separate body. This involves computing the stiffness of elastic coupling between every set of adjacent
elements. The finite element method based software however allows creating such models quite easyly without having
to evaluate stiffness factors or any other framework parameters. Only the information on framework form, its material
and available degrees of freedom or movement constraints is required. In this paper a finite element model is
constructed using Comsol Multiphysics simulation software, as shown in Fig.1.

This model was constructed taking into consideration several simplifications due to software limitations:

1. The entire construction is modeled as solid body combination, since both “beam” and “shell”-type objects are not
suitable for the current application due to several limitation placed within the computational environment. In the
meantime modeling a thin solid framework leads to a severe increase in simulation time and memory requirements. Full
solid body model however has much higher framework mass. To avoid this material properties are adjusted so that the
mass does not exceed real crane parameters without changing obtained natural eigenfrequencies.

2. The trolley is fixed in a given place and is considered to be part of the framework, i.e. no trolley motion is
possible.

3. The payload was removed from the model due to the difficulty of implementing the influence of its swing on the
crane framework.

With these assumptions this model gives sufficiently accurate information on dynamic behavior of a real crane
framework and thus can be accepted as a basis for further investigations and analyses.

The following step in current analysis is the estimation of framework eigenfrequencies, which represent possible
displacement modes of the crane framework subject to different loads. This can also be performed automatically using
Comsol Multiphysics simulation software. The first four eigenmodes and corresponding frequencies are shown in Fig.2.

© Palis F., Tolochko O., Bazhutin D., 2013

206



ISSN 2074-2630 Hayxoei npayi [louHTY. Cepis: «Enekmpomexnika i enepeemuxay Nel(14)’ 2013

Figure 1 — Finite element model of crane framework
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Figure 2 — First four framework eigenmodes

The applied color map depicts the total displacement distribution along the framework with red marking the larges
displacement, and blue — the lowest. Since trolley motion in this model is constrained and considering an ordinary
overhead crane construction, the only way to suppress the framework swing is through modification of bridge drive
control algorithm. Therefore, only framework vibration due to bridge motion, i.e. along Y-axis, is considered.

The frequency spectrum of a real crane framework however may contain much more than these components.
Therefore, a transient response has to be obtained to define the most substantial frequency components.

The model is now subjected to a bang-bang force applied to its outer boundaries with equal distribution. Although
displacement signal can be measured, it is more reasonable to measure velocities, because it would contain much more
information on present vibration frequencies than a displacement signal and at the same time much less noise than
acceleration signal. The results in Fig.3a present velocity time histories, measured in three points of the framework: v,
and v; — on the outer boundaries, v, — on a trolley.

It is clear that there is only one substancial eigenfrequency present in this signal, which coincides with shown in
Fig.2 eigenmode of 1.18 Hz. For this case a state-feedback controller was designed in [3]. Presented results indicate
efficient framework vibration suppression. However, those results were obtained under condition that the trolley is fixed
precisely in the framework center. When this is not the case, the velocity time histories may vary greatly from these
results as shown in Fig.3b. In this case the trolley was set at 5 and 15 m respectively from the outer boundaries.

It is clear that the framework eigenfrequencies have changed considerably. The proposed state-feedback controller is
known to be highly susceptive to plant parameter change end estimation accuracy. Therefore, it can be concluded that a
simple state-feedback controller cannot handle such task.
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Figure 3 — Velocity time histories with trolley positioned in the middle (a) and closer to one end (b)

The described plant has significant nonlinearities that influence greatly its dynamical behavior. In a first
approximation such plant can be reduced to a lumped parameter system, i.e. multi-mass system. In this case the number
of lumped masses is determined by the number of present harmonics in plant time response, which is in our case equals
two. Therefore, a three-mass system is considered which can be described with following equation of motion:
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where my, s;, v; and F; — equivalent mass, position, velocity and applied force of the first body; m;, s3, v3 and F; —
equivalent mass, position, velocity and applied force of the third body; m,, s;, v, — equivalent mass, position and
velocity of the second body, located between the first and the third ones; ¢, and c,; — stiffness factors of elastic
couplings between the bodies.

If the trolley is located in the middle point of the crane, its model can be easily reduced to a three-mass system. The
lumped masses and stiffness can be calculated as shown in [3, 4]. However, there are no exact formulas to estimate
these parameters in any other case, because the crane framework can no longer be treated as fixed beam subjected to
point load. If the trolley is not located in the middle point of the crane, framework outer points, i.e. crane wheels, no
longer move synchronously. There is a position difference between them, which is not taken into account when
reducing a framework dynamics to beam vibrations.

However, the required parameters can be evaluated approximately, i.e. with numerical approximation methods.
Considering the information from Fig.3 it can be seen that there are at least two natural frequencies with significant
amplitudes that should be contained in a model. That leaves us at least four parameters to adjust two stiffness factors as
well as mass ratios. Fig.4 shows the simulation results of finite-element model and three-mass system, created as a
block diagram in Simulink simulation environment for two different trolley position, defined with respect to the middle
point. It is obvious, that this model is a bit inaccurate. The farther the distance from the trolley position to middle point
of the framework, the less accurate becomes the model, which indicates, that such model reduction is suitable for
control algorithm design but requires additional refinements relative to its parameters. Future works should be focused
on designing and testing accurate control techniques using such a model.

Conclusions: 1. Finite-element analysis of dynamical behavior of elastic crane framework gives information on
vibration frequencies and amplitudes, which can be further used to create simple models.

2. Trolley position introduces nonlinearity into the plant model so that it changes its properties in a wide range.

3. Dynamics of elastic overhead crane framework may be approximated by three-mass system, parameters of which
should be estimated numerically. Such model depicts desired system behavior and can be used to design control
techniques.
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Figure 4 — Velocity time histories from finite element (black) and Simulink (blue) models:
left — trolley position -3 m; right — trolley position -6m
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MopaeoBaHHSI AUHAMIKH MOCTOBOI'0 KpaHy i3 ypaxyBaHHAM NPY:KHOCTI KOHCTpPYKuii. HaBeneHo anami3 quHamMiku
MOCTOBOTO KpaHy 3 YpaxyBaHHSAM TNPYXKHUX BIACTUBOCTEH HOro KOHCTPyKmii. Po3mominm mpyXHOCTI y3IOBXK
KOHCTPYKIii MOCTY 3aJIe’KUTP BiJI ITOJIO’KEHHS Bi3Ka Ha HHOMY 1 3yMOBJIIOE€ HAasBHICTh HEJHIMHOCTI y MoJieni 00’ €KTa y
BUITIAAI 3MIHM YacTOT BJIaCHUX KoymBaHb. [loka3aHo, 10 AMHAMIKY MOCTOBOTO KpaHy MOJKHA NPUOJIN3HO OIUCATH 3
JIOTIOMOTOI0 TPHIMACOBOI CHCTEMH, ITapaMeTPH SKOI HeOOXiTHO HAJAIITOBYBAaTH BPY4YHY a00 aBTOMATHYHO TaK, MI00 ii
pe3ysbrary 1 podoTH cIliBHagaiy 3 MOJEIUTIO 3 PO3NOJUICHUMH TapaMeTPaMHy.

Knrouosi cnosa: mocmosuii Kpan, konueanna xoucmpykuii, Comsol Multiphysics, memoo Kinyesux enemeHmis,
oazamomacosa cucmema, 6U3Ha4eHHsa napamempis, Simulink.
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MopaenupoBaHue THHAMHKH MOCTOBOr0 KpaHa € YY€TOM YNPYrocTH KOHCTPYKuuu. [IpuBeseH aHanu3 QUHAMHUKA
MOCTOBOTO KpaHa C y4eTOM YIPYIHX CBOMCTB €ro KOHCTPYKIMH. PacrpejeneHue ynpyrocTu BIOJb KOHCTPYKIHMHU
MOCTa 3aBUCHUT OT TOJIOKEHHS TEJIEeKKH Ha HEM M OOYCIaBIMBaeT HAJIMYME HEIMHEWHOCTH B MOJENU 00BEKTa B BUJIE
U3MEHCHHUS YacTOT COOCTBEHHBIX KojeOaHuid. [loka3aHo, YTO AMHAMHKY MOCTOBOTO KpaHa MOYHO MPHOIM3UTEIBHO
OMHUCaTh C TOMOIIBIO TPEXMACCOBOH CHCTEMBI, MapaMeTPhl KOTOPOW MOACTPAUBAIOTCS BPYYHYIO HIIM aBTOMATHUCCKU
TaK, 4TOOBI PE3yJILTAThI €€ PA0OTHI COBMAIAIH C MOJICIIBIO C PaclpeIeICHHBIMH MapaMeTpaMu

Kntrouegwie cnosa: mocmoeoii Kpan, konebanus koncmpykyuu, Comsol Multiphysics, menoo KoneuHvIx 371eMeHmM 08,
MHO20MACCO8asA cucmema, onpeoesieHue napamempos, Simulink.
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